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Indicator dilution curves may also be used to measure ventricular volumes. The curves used to measure cardiac output have a smooth downslope produced by the gradual removal of indicator from the heart. In fact, the indicator is expelled from the ventricle in small amounts with each systole, and the changes in concentration at the sensing site take place in a stepwise fashion. This stepwise washout is modified by the relatively slow time response of the sensing device and the conducting system carrying blood to it from the sensing site. Fig. 1 Lewis, Bristow, and Griswold, 1967) . It is known as the thermodilution technique, and is the method used to measure right ventricular volumes in a group of patients described here.
SUBJECTS AND METHODS The patients were all undergoing routine cardiac catheterization in the fasting state after premedication with 100 to 200 mg. of quinalbarbitone. Pressures were recorded with an Elema-Schonander strain gauge and mingograph recorder. The zero level was at the sternal angle. Cardiac output was measured by the Fick principle, oxygen saturations were estimated on a Kipp and Zonen haemoreflector and oxygen content of expired air on a paramagnetic oxygen meter. A thermistor catheter made in the Physics Department of King's College Hospital was used in the early cases, and in the later ones a USC1* No. 7 double lumen thermistor catheter, with the thermistor sealing off the distal lumen. Both catheters had similar characteristics, with a rapid time response (time constant less than 0-2 sec.) and a linear response over the temperature range at which they were used (Fig. 2) . The thermistor catheter was positioned in the pulmonary artery. Approximately 5 ml. ice cold saline were injected into the right ventricle just beyond the tricuspid valve, through the proximal lumen of the double lumen catheter or through a second catheter when the King's College Hospital catheter was used. The thermistor catheter was placed in one arm of a Wheatstone bridge, the output of which was coupled to a Sanborn carrier amplifier. Pressures were recorded and cardiac output measured, and immediately afterwards * United States Catheter Inc. the thermodilution curves were recorded. Stroke volume was obtained by dividing cardiac output by heart rate.
The theoretical curve shown in Fig. 1 can now be used to represent a thermodilution curve.
The steps on the upstroke of the curve represent changes in resistance of the thermistor bead, which occur in a linear fashion and can be equated with the changes in concentration of saline seen as rewarming. It is assumed that indicator concentrations measured in the pulmonary artery represent the concentrations in the ventricle at the end of the previous diastole (Brecher and Hubay, 1955) , and that the volumes do not change appreciably while the curve is recorded. Maximal mixing occurs four beats after peak cooling (Irisawa, Wilson, and Rushmer, 1960) , and thus the first four beats after this have not been used in the calculations. At least three curves were analysed in each patient to obtain a mean value for ESV/EDV. From this ratio and stroke volume obtained from Fick cardiac outputs, absolute values for end-systolic and end-diastolic volumes were obtained as shown in Satisfactory thermodilution curves were obtained in 22 patients. Four of these had predominantly left ventricular disease, and are not considered further here. The remaining 18 patients have been divided into two groups. The first consisted of 6 patients who were symptom free and who can be considered to have "normal" hearts. Of these, 3 had pectus excavatus, 2, one of whom had right bundle-branch block, were investigated because of systolic murmurs which proved to be innocent, and there was one patient with hepatic cirrhosis in whom the hepatic wedge pressure was being measured.
The second group consisted of 12 patients with mitral valve disease: 10 had dominant stenosis of varying severity and 2 had non-rheumatic mitral regurgitation. (Hallermann, Rastelli, and Swan, 1963; Bartle and Sanmarco, 1966) . Both methods make a series of assumptions. In the angiographic techniques the ventricle is considered to have a regular geometric shape: this approximation may be reasonably accurate when considering the left ventricle but is certainly not true of the right ventricle; the volume of dye injected to outline the ventricle also artificially increases the size of the cavity. Reedy and Chapman (1963) have attempted to measure right ventricular volumes by measuring total heart volume and subtracting left ventricular volume and calculated septal volume from the total. This is a cumbersome method and introduces further assumptions. Thus, at present, only indicator dilution techniques are suitable for measurement of right ventricular volumes.
The main difficulties encountered with the thermodilution method are those of mixing. It has been shown that in the dog heart beating rapidly, mixing of injected indicator is complete in 85 per cent of cases four beats after maximum indicator concentration is reached (Irisawa et al., 1960) . It is, therefore, reasonable to assume that at least as good a result is obtained in the human heart during the longer diastolic filling period, which is perhaps balanced by the larger volumes involved. However, the method also depends upon good mixing of atrial blood, free from indicator, diluting the indicator in the ventricle, and producing the washout curve which is subsequently analysed. If a stream of blood relatively free from indicator were picked up at the sensing site the steps produced would be too large and the ejection fraction would be overestimated. The ejection fraction as measured in this method is smaller than that found in the angiographic method. This is in favour of adequate mixing. The results found using a constant infusion technique where mixing is complete compare favourably with the present technique, and this again suggests that mixing is adequate (Shaffer, 1964) . When cold saline is used as the indicator, some "cold" is lost in cooling the myocardium.
The reverse effect occurs during the rewarming phase which is used to calculate the volumes. At worst a little of the myocardium will be included in the volumes measured, which will thus be slightly overestimated.
The values found in the "normal" group of patients for the ratio of end-systolic to end-diastolic volume, and for end-systolic and end-diastolic volumes are slightly higher than those found by Rapaport et al. (1965) (1965) in their group of patients in right ventricular failure. The average ratio in the "normals" here is higher than that found by this group, and as yet a normal value has not been established, but it seems that a ratio above 0 75 (ejection fraction less than 25%) is likely to be abnormal. As stated previously, the end-systolic and end-diastolic volumes did not differ significantly between the two groups. The stroke index was, however, significantly lower in the second group (p 001), and this, coupled with the trend to higher ESV/EDV ratios, suggests right ventricular dysfunction. When right ventricular work is plotted against end-diastolic volume (Fig.  3) , it can be seen that there is no separation between the two groups and there seems to be a linear relation between the two parameters. The second group have uniformly higher right ventricular systolic pressures and therefore have to do more pressure work at the expense of, it seems, flow work. None of the patients here had a raised right ventricular end-diastolic pressure, though in many cases the stroke index and cardiac index were low and the ejection fraction small. There was no constant relation between end-diastolic pressure and enddiastolic volume, nor between it and the ratio ESV/ EDV (Fig. 4 
